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Abstract 
Enhancing the output of (cold) moderators in neutron sources is a topic of highest interest since the very beginning of 
employing neutrons for research. Emphasis and effort has been focused so far on amplifying useful neutron flux by optimizing 
the output-side of moderators. Preliminary numerical studies have indicated that similar structuring as established for the output 
side boosting flux out of a moderator could be beneficial at the input side by first letting neutrons enter the moderator volume 
more efficiently. Indeed, these predictions have been found correct in the course of preliminary experiments performed at PSI´s 
NEUTRA facility. The current paper is a sequel to Thomsen et al. 2014 reporting on continued analysis and modelling efforts.  
© 2015 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of Paul Scherrer Institut. 
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1. Introduction 
Neutrons in spallation sources are set free with energies much higher than suitable for harnessing them in 
diverse instruments. Their energy has to be reduced, i.e. they are thermalized or cooled to even lower energies by 
means of moderators. There is a long tradition in optimizing these moderators, because it is of interest for any 
instrument to obtain a maximum signal-to-noise ratio for any given input power. Thus, it is proven and well 
established at many sources that certain geometrical structures enhance the neutron output from moderators. Still, 
the efficiencies of the diverse stages between the spallation reaction and the collection of appropriately moderated 
neutrons leaving the moderators are disappointingly low.  
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The simple idea proposed recently was that anything, which enhances the coupling of a neutron field on the 
output side of a moderator, might also be helpful when employed on its input-side.  
Simulations indicated some beneficial effects of structures like grooves or holes; they can improve the filling of 
the moderator material to start with and thus subsequently boost the neutron flux out of that material (Thomsen et 
al. 2013). This paper further investigates these ideas. Recently, benchmark experiments on toy-geometries have 
been begun, and predictions proved correct. First results of measurements at PSI´s NEUTRA radiography station at 
the spallation neutron source SINQ have been reported; the current paper is a sequel to Thomsen et al. 2014. 
2. Experimental set-up 
2.1. The NEUTRA facility  
The radiography station NEUTRA (see figure 1) usually works with thermal neutrons. It features a high degree of 
flexibility concerning possible experimental set-ups (Lehmann et al. 2001). 
Fig. 1. The NEUTRA radiography station at PSI´s SINQ 
spallation neutron source, http://www.psi.ch/sinq/neutra. 
For the measurements on the mock-up moderator specimens the middle position has been used, marked “Sample 
setup” in figure 1. There, an almost parallel beam of thermal neutrons with a flux of about 1.2·107 n/cm2/s was 
available, and detectors based on 6Li doped ZnS, sensitive for thermal neutrons, have been used. Both, image 
acquisition with CCD cameras and imaging plates have been employed. The dark current in the CCD detector was 
suppressed by cooling. Additionally, it was attempted to calibrate the measurements and take care of fixed pattern 
noise stemming from the granulation of the used scintillator plates during image analysis and evaluation. Exposure 
times were 5-6 seconds for experiments with a thermal neutron beam. For some orientations also a “fast” spectrum 
obtained by closing a light shutter has been used (Thomsen et al. 2014). 
As a general remark, the here presented images were enhanced for best visibility when printed, numerical values 
and profiles are as measured and normalized making use of the full depth (16 bit) resolution of the measured data. 
All plots are with arbitrary, relative units.  
2.2. Specimens and configurations   
Specimens consisted of diversely shaped Polyethylene (POLY) cubes with a side-length of 20 mm and 
distinguished by various structures; see figure 2 left. These (surface) features included six evenly distributed 
grooves intruding into a third of the extension of a cube, 20 drillings of the same depth on one side, and a through-
hole of 5 mm diameter. For comparison, a full cube was also included in the sample ‘towers’. In order to be able to 
distinguish them in the images, the different POLY cubes were separated by layers of POLY containing the strong 
neutron absorber material boron carbide.  
Standard neutron radiographs with the detector behind the samples as well as images perpendicular to the 
neutron beam, i.e. sideways at 90o, with the detector area aligned parallel to the incoming thermal neutron beam, 
have been taken for different configurations; see figure 2 right. 
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Fig. 2. Far left, specimen with five differently structured POLY cubes of 20 
mm side length and separated by neutron absorbing material as used in the 
experiments. Left, the arrangement of the detectors for radiography and at 
the side using a single cube with grooves on the input face. Top, the symbol 
shows the corresponding code for the orientation used in the following 
figures.  
Various specimens were rather uniformly illuminated by the incoming neutron beam as indicated by the arrow 
on the right hand side in figure 1. Several radiographs have been taken with two towers present at the same time. 
Side-ways measurements were taken with only one specimen in place at a time (see figure 3).  
Fig. 3.  Examples for configurations with two (far left) and one (left) specimen. 
In standard radiography set-ups (far left) the detector (scintillator and CCD 
camera) is behind the samples and the neutrons illuminate the two columns 
simultaneously. With the detector sideways (left) only one column could be 
investigated at a time. Some of the measurements with one column included 
detectors both behind and on the side. The optical reflections of the columns 
from the detector surfaces give some information on the respective alignment.  
3. Results 
During several experimental campaigns a number of measurements have been performed in diverse set-ups. 
Initial radiographs were recorded with two columns of specimens present at the same time. The underlying 
assumption that they would not “disturb” each other was proven wrong immediately, because the overall 
distribution of the detected neutrons behind the specimens exhibits significantly higher values in the middle, 
between the two columns, than closer to the sides; see figure 4.   
3.1. Measurements in standard radiography mode 
Distinct radiographs have been obtained with the specimens placed closely in front of the detector (distance less 
than 1 cm). From the picture on the left in figure 4 it is clear that the obtained images cannot be interpreted readily 
as attenuation-based radiographs. There is strong scattering and a simple Lambert-Beer law is not applicable in 
these conditions. The local features (holes, grooves, etc.) of the individual cubes are superimposed on the 
background consisting of two components. First, the un-scattered neutrons providing a flat continuous background, 
and second, neutrons scattered and re-emitted from the individual cubes’ sides leading to a maximum in the 
middle; see right panel in figure 4. A Lambert-law could explain the general curvature of the background and also 
the locally peaked scattering from individual cube-faces.  
Examining images taken with a larger distance between the rear surface of the specimens and the detector of 
about 6 cm, much less unstructured background intensity is detected, and only a minor “curvature” in the overall 
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distribution is observed. This is attributed to further spreading of the diffusively scattered neutrons evening out 
their flux on the detector and diminishing their local impact.   
Fig. 4.  Radiography with thermal neutrons (far 
left); profiles along the specified lines and over an 
area (left). The red dotted line in the top panel 
marks a “flat” background, in the other plots the 
red dotted lines indicate a coarse distribution due 
to a Lambert law. The overall modulation is not 
produced by “simple” attenuation. Comparing full 
cubes with grooved ones, the reduction of 
scattering material due to the grooves by 15 % 
results in an enhancement of the throughput by 
more than 50 %. This fits with numerical 
simulations, see figures 12 and 13. Features at the 
front yield similar effects for the through-going 
neutrons as do the same features at the rear side. 
More neutrons come from the centers of the cubes 
than from their periphery (profile 2). 
This is the same frame as in figure 5 of Thomsen 
et al. 2014, but here printed to better visualize the 
overall diffuse neutron flux on the detector. 
3.2. Sideways measurements 
First hints concerning the effectiveness of the implemented structures have been found in standard radiography 
alignment with the cubes’ faces running in parallel to the detector planes (Thomsen et al. 2014). To further 
investigate them, more measurements have been performed looking especially for neutrons scattered 90o to the side 
with respect to the incoming neutron beam. A representative experiment and its result are depicted in figure 5. 
  
Fig. 5.  Sideways image with a thermal neutron beam (left); 3-D visualisation (relative units) and set-up (right). The red arrows indicate the 
direction of the incident neutron beam. The full cube (position 1) is at the front in the 3-D plot. Some inadvertent “leaning” of the sample-
column is documented in the photograph. The bright corners of the image are an artefact caused by the normalization procedure. A large 
fraction of the neutrons impinging on the sample is diffusely scattered back (especially visible in the 3-D plot). A well-distinct line “valley” of 
low intensity is observed between back-scattered flux and neutrons emanating under an angle of about 90o (forward-scattered) from the 
individual cubes. More forward-scattered intensity is measured at the position of the cube with input-grooves (pos. 2) than for the full cube 
(pos. 1); this is clearly visible in the 3-D plot. Consequently, the fewest back-scattered neutrons are found for position 2, i.e. with “entry-“ 
grooves. This is the same frame as in figure 8 of Thomsen et al. 2014, but here printed with a different setting to better visualize the overall 
diffuse neutron flux on the detector. 
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For direct comparison, an image was obtained in almost identical conditions, but with the specimen turned by 
180o. As a result, “entry-“ grooves were turned into “exit-“ grooves and vice versa, i.e. positions 2 and 3 were 
swapped. Due to experimental limitations the results for these two positions are not fully symmetrical. 
Nevertheless, figure 6 demonstrates the resulting changes in scattered neutron fluxes, especially the effectiveness 
of “entry-“grooves.  
  
Figure 6.  Measurements with a sideways detector of the ratio of thermal neutrons 
scattered forward and backward with the orientation of the tower as shown in figure 5 
(orange) and turned by 180o (red). The interesting observation lies in a reversal of the 
conditions at positions 2 and 3. In both cases, most of the neutrons are scattered forward. 
i.e. to the side, with the grooves pointing towards the incoming neutron beam, i.e. 
“entry-“grooves. Correspondingly, the back-scattered flux is reduced.  
During the measurement campaign, columns of specimens were turned in 45-degree steps; results for images 
with the sidewalls of the cubes aligned at 45o relative to the sideways CCD detector are given in the following for a 
thermal neutron input beam. The most obvious finding is that the share of back-scattered neutrons is dramatically 
increased to the expense of forward-scattered ones, and the low-intensity valley at around 90o almost disappeared. 
Different structures resulted in significant variations; see figures 7-10. 
Figure 7. Column of 5 cubes with their faces running at 45o towards the sideways detector (left), the optical reflection clearly shows a small tilt 
of the column towards the detector. The recorded image of thermal neutrons (middle) exhibits also some (irrelevant) leaning. On the right, the 
smoothed 3-D plot (relative units) is presented with incident neutrons coming from the right and the lowest cube (position 1) being at the front. 
The overwhelming fraction of the neutrons hitting the POLY cubes is scattered back. The drillings on the face of a cube with the perforated 
fraction of the surface of 9% (position 4) do not appear to have an impact.  
The first (“reference”) case for 45o-orientations in figure 7 shows equal amounts of back-scattered neutrons for 
all five cubes, all of them except one (position 4) exposing undisturbed blank surfaces to the incoming neutron 
beam, which also faced the sideways detector at an angle of 45 degrees. For this type of set-up there are limits to 
the achievable calibration; so, the peaks are taken as identical, some very small heightening for the two topmost 
cubes (positions 4 and 5 at the rear) is attributed to the inclination of the column bringing its top a little closer to 
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the detector surface than the bottom. From the photograph it looks like this applies in particular to the cube at the 
top. 
In total, more neutrons are observed with a sideways detector from an inclined surface compared to the cases 
with specimens in parallel alignment; compare figures 7 to 11 and 5.   
The cube exposing a face with 20 holes (each 1.5 mm diameter and 6 mm deep), which made up 9% percent of 
that plane looked exactly like its neighbours. This can be interpreted as showing no effect, or, that the supposed 
“entry-“holes were similarly effective as “exit-“holes at the same time with the two effects cancelling each other. 
Distinct contributions from 9% of the reflecting surface, which come from the holes, each emitting presumably 
with a Lambert- / cosine-distribution would not be detectable in this measurement. In fact, the shape of the 
individual overall peaks can be interpreted as resulting from a Lambert-law.  
Comparing these results with preliminary measurements performed with a fast neutron beam exhibits general 
consistency (Thomsen et al. 2014); it appears that the fraction of back-scattered neutrons is hardly moderated, the 
flux detected with the 6Li doped ZnS scintillators for thermal neutrons is very low. Furthermore, the recorded 
forward-scattered neutrons with thermal energies are distributed widely, with only weak peaking and more of them 
behind the midline of the specimens, in contrast to the repeated characteristic of measurements with a thermal input 
beam, where more neutrons are found in the anterior section of the detector.  
For thermal neutrons’ input, grooves which made up 45% of a cube’s surface and, arguably, also a through-
hole punching 5%, yielded noticeable differences in the fraction of back-scattered neutrons; see figure 8. 
  
Figure 8. Columns where grooves faced the input neutron beam oriented at 45o with respect to the sideways detector, - horizontal ones at the 
mid position 3 (left) and vertical ones in position 2 (right). For both cases, also a 5 mm through-hole pierced the surface at 45o at the top 
position 5. There are clearly visible changes in the neutron flux when the column is turned by 180 o.  
Clear reductions of the sideways reflected neutrons are observed for entry grooves covering 45% of a cube´s 
surface, and, marginally, also for faces with a through-hole accounting for 5% of the respective surface. Some very 
minute enhancement of the flux emanating from the back of the cubes with the front grooves can be seen in the 
original images and in the right-most panel of figure 10.  
The interpretation of the findings as resulting from rather direct reflection is bolstered by the observation that a 
noticeable reduction of the sideways flux was observed for the orientation where horizontal grooves were aligned 
at 45 degrees at side of the detector plate but on the face pointing away from the neutron source; see figure 9. This 
configuration meant a reduction in the exposed surface of 13.5%, producing a rather similar image as for the cases 
discussed above and shown in figure 8.  
The global impressions as conveyed by the 3-D plots of figures 5 and 7 to 9 can be substantiated by looking in 
more detail at intensity profiles running along the extension of the columns; see figures 10 and 11. Due to 
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experimental limitations and cross-effects from neighbouring cubes, results so far are not quantitative and 
measurements will be repeated with only a single cube in the beam line. Nevertheless, from the line profiles, 
plotted above on the same scale in figures 10 and 11, qualitative differences in the scattering from the specimens in 
diverse configurations are visible. 
   
Fig. 9. Column of 5 cubes with their faces running at 45o towards a sideways detector, in the optical mirror image (center) one clearly sees the 
effective reduction of the exposed surface of the relevant cube face in the mid position by 13.5% and its effect on the reflected flux (left). The 
three dashed lines in the right panel indicate the approximate positons of peaks in the image for back-scattered [a], forward-scattered [b] and 
along the “valley” [c] neutron fluxes (for the sake of clarity, the lines are not drawn across the full height of the frame).  
Fig. 10. Line profiles through the images from a sideways detector running from bottom to top along the length of columns for the 
configurations as in figure 5 (left), figure 7 (middle, “reference case”) and figure 8 left (right). Here, red gives is for back-scattered flux [a], 
green for forward-scattered flux [b], whereas blue stands for the “valley”[c], i.e. connecting the minima.
Fig. 11. Line profiles through the images for a sideways detector running from bottom to top along the length of columns for the configurations 
as in figure 9 (left), figure 8 right (middle) and (with an overall inclination towards the detector) the one similar to figure 5 but the specimens 
turned by 180o (right). Here, red gives is for back-scattered flux [a], green for forward-scattered flux [b], whereas blue stands for the 
“valley”[c], i.e. connecting the minima. 
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Generally, it can be said that when the surfaces of the cubes run in parallel to a sideways detector the detected 
flux contributions from back-scattered neutrons is very similar to the one of neutrons emitted from the sides of the 
cubes facing towards the detector. This fits with the distributions expected for neutrons from an individual face of a 
cube roughly following a Lambert-law.  
In configurations where cubes’ surfaces form angles of 45 degrees with the sideways detector, much more back-
scattered neutrons are detected. A big fraction of the incoming thermal neutron beam thus is reflected almost in a 
specular manner leading to a dominant feature of aligned maxima in the recorded images. These are distinct and 
they can be separated from intensity which predominantly arrives from the second face of a cube looking towards 
the detector but not exposed to the direct input beam; between those two contributions a clear “line of demarcation” 
or “valley” is visible in all (enhanced) images. With parallel specimens the line is relatively more pronounced in 
the prints; this is attributed to better visibility, due to a more even distribution of the detected flux in images in the 
absence of overwhelming contributions stemming from direct reflection.    
Another qualitative feature stands out comparing the configuration with objectively reduced scattering cross-
section with all others; see figure 9 and the left plot in figure 11. The reduction of directly exposed surface due to 
the position of the grooves leads not only to diminished reflections but it also has an impact on the overall shape of 
the image and the profiles. Whereas all recordings show a certain tendency for curvature with a bulge in the 
middle, this one appears to have a dip. We attribute this finding a reduced diffusively scattered flux from the center 
position.   
3.3. Numerical simulations 
The measurements in NEUTRA were accompanied by Monte Carlo calculations using MCNPX taking into 
account the full spectrum, i.e. predominantly thermal input neutrons plus some high energy contamination 
(Thomsen et al. 2014). Just the same as with the experiments, work is still in progress. Here only results for a 
single cube with entry- or exit-grooves are presented in radiography setup (see figure 12) or with a sideways 
detector (see figure 13). These new results supersede the ones in Thomsen et al. 2014. 
Fig. 12. Simulations of radio-graphies for a 
free-floating single cube with “entry-“grooves 
(far left) and with “exit-”grooves (left); the 
white lines running across the frames indicate 
the position at the respective other detector 
(figure 13 and vice versa). Plots in figures 12 
and 13 are on the same color-coded scale (top).   
Fig. 13. Images on a sideways detector for a 
single cube with “entry-“grooves (left) and with 
“exit-”grooves (right); the specimen is aligned 
in parallel to the detector and input neutrons 
arrive from the right, all plots in figures 12 and 
13 are on the same color-coded scale. 
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The detected flux of thermal neutrons looks basically similar for a cube with “entry-“grooves or “exit-“grooves 
but more scattered neutrons are detected when the grooves face an incoming thermal neutron beam. This holds true 
for neutrons emanating from the back of a cube (figure 12) and also for neutrons scattered to the side with respect 
to the incoming beam direction (figure 13).  
For a single cube, a distinct four-lobed structure is present in simulated radiographs of high resolution, which 
can be interpreted as stemming from the superposition of contributions of emissions from all surfaces following a 
Lambert-law; see figure 12. Four equally strong lobes are seen behind a cube with grooves facing the incoming 
neutron beam. For grooves at the rear surface of a cube, the lobes extending along the direction of the grooves 
contain more neutrons relative to the lobes running at 90o with respect to the structuring. As anticipated, some 
“guiding” along “exit-“grooves is visible.  
The leading edge of a cube is clearly visible in a sideways image; see figure 13. It is more pronounced in the 
case with exit-grooves, i.e. when the cube faces the incoming neutrons with a plain unstructured surface. In this 
case a higher fraction of the incoming beam is scattered backwards. At the same time, less neutrons are emanating 
to the side from the face of the cube, which points towards the detector. Only a “shoulder” is found on the distinct 
peak of neutrons scattered 90o to the side in the presence of “entry-“grooves in the simulated image; see figure 13, 
left panel. A three-lobed distribution behind the leading edge of a cube is attributed again to emissions from the 
cube´s faces roughly following cosine distributions. Obviously, only a single lobe is detected for the back-scattered 
neutron flux.  
4. Discussion and Preliminary Conclusions 
“Entry-“grooves have been found to be effective indeed. The principle predictions as outlined have been 
confirmed (Thomsen, 2013). In nice agreement with the measurements, Monte Carlo simulations for cubes with 
grooves aligned in parallel to detectors yield clear results for radiographs as well as for images on detectors 
arranged sideways; compare figures 5, 12 and 13.  
4.1. Next Steps 
New measurements and simulations will focus on several specific points. Effort will be dedicated to obtain 
quantitative results for “directly reflected” contributions and sideways scattering from differently shaped specimens 
including cylinders and spheres in more precisely controlled set-ups. Experiments will preferentially employ a 
single specimen at a time in order to be able to record the predicted lobe structures, which are not possible to 
observe with the hitherto used “towers” because of the strong overlap of the distributions scattered from 
neighboring cubes. For comparison, experiments with “fast” and cold neutrons shall also be performed. All 
measurements will be accompanied by Monte Carlo simulations.  
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